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 Abstract: The lymphatic system is essential for moving substances from tissues in the body's outer regions to 

lymph nodes, producing immune responses before circulating throughout the body. Numerous lymph nodes, which 

also serve as sites for lymphocyte accumulation, activation, and proliferation, house a significant portion of the 

body's immune cells. The ability to deliver drugs directly to lymphocytes and cells residing in lymph nodes offers 

the chance to modify the adaptive immune response. The lymphatic system can be effectively targeted to greatly aid 

in the treatment of disease and boost the efficacy of vaccination. Recently, interest has increased in creating drug 

delivery systems that specifically target lymph nodes using nanotechnologies and novel biomaterials. Nanoparticles 

have several benefits that make effective lymphatic system delivery possible. The lymphatics offer a promising 

pathway for delivering immune-modulatory therapies to lymph nodes, where immunotherapies can be improved, 

and they also function as an alternative route to general circulation. In this review, we concentrate on materials 

moving from peripheral tissues to lymph nodes and nanomaterial-based delivery strategies that make use of the 

potential of lymphatic transport to either deliver therapeutics to lymph nodes or the bloodstream. 
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Introduction 

The lymphatic system's primary function is to 

remove extra interstitial fluid from the tissues and 

return it to the bloodstream. The lymphatic 

vessels have one-way valves that allow the 

lymphatic fluid to flow toward the thoracic cavity, 

where it is eventually returned to the bloodstream 

via the thoracic duct. This process helps to prevent 

fluid accumulation in the tissues, leading to 

swelling or edema (Cote et al., 2019). The 

lymphatic system also plays a role in immune 

function, as it helps transport immune cells and 

other substances throughout the body to fight off 

infections and other foreign invaders (Liao and 

von der Weid, 2015). The lymphatic system 
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includes lymphatic vessels, lymph nodes (LNs), 

the spleen, the thymus, and other lymphoid 

tissues. These structures play a crucial role in the 

body's immune response by providing a site for 

antigen presentation and immune activation 

(Trevaskis et al., 2015). The lymphatic system 

serves a vital function in transporting a variety of 

substances, including fluids, macromolecules, 

particles, and cells, from peripheral tissues to the 

bloodstream. This includes transporting antigens, 

antigen-presenting cells (APCs), and lymphocytes 

involved in the immune response (Randolph and 

Miller, 2014). 

LNs are specialized structures that are 

distributed throughout the lymphatic system, as 

lymph flows from the lymphatic capillaries 

towards the subclavian veins, it passes through 

several LNs, which are densely populated with 

immune cells such as macrophages, dendritic cells, 

B cells, and T cells (Willard-Mack, 2006). 

Subcapsular sinus (SCS) macrophages and 

dendritic cells (DCs) are two important types of 

resident immune cells found in LNs. SCS 

macrophages are in the subcapsular sinus, which 

is the outermost region of the lymph node, and 

they are responsible for filtering lymph and 

capturing antigens. DCs, on the other hand, are in 

the deeper regions of the lymph node, such as the 

T-cell zone and the follicles, and they are 

responsible for presenting antigens to T cells and 

B cells. When antigens are captured by SCS 

macrophages, they are transported to the DCs in 

the deeper regions of the lymph node, where they 

are presented to naive T cells and B cells. This 

process activates the adaptive immune response, 

which produces specific antibodies and T cells that 

can recognize and eliminate the antigen (Jarjour et 

al., 2014).  

B cells and T cells, the two major types of 

lymphocytes involved in adaptive immune 

responses, use various cell surfaces proteins such 

as C-C chemokine receptor 7 (CCR7), lymphocyte 

function-associated antigen 1 (LFA-1), and L-

selectin to navigate through the high endothelial 

venules (HEVs) that lead into the LNs. Once inside 

the LNs, B cells, and T cells undergo clonal 

expansion and differentiation in their respective 

zones, which are organized to optimize 

interactions between APCs and lymphocytes 

(Ruddle, 2016). LNs are of the utmost importance 

in controlling immune responses, and this has led 

to a great deal of research into how to develop 

immunotherapeutic approaches for a variety of 

diseases, including cancer and autoimmune 

diseases. For instance, some immunotherapies aim 

to stimulate or enhance immune responses by 

targeting specific immune cells or molecules 

within LNs, while others aim to modulate or 

dampen immune responses to prevent 

autoimmunity or transplant rejection (Spurrell 

and Lockley, 2014; Wennhold et al., 2019). 

The LNs can be an important target for 

chemotherapeutic drug delivery, especially in the 

treatment of lymphomas and other cancers that 

have spread to the LNs. Chemotherapeutic drugs 

can be delivered to LNs using various methods, 

such as intravenous injection, lymphatic mapping, 

and intra-nodal injection. In some cases, drug 

delivery can be enhanced by using nanoparticles 

or liposomes that can specifically target lymphatic 

vessels or immune cells within the LNs (Ulintz et 

al., 2018; Wang et al., 2018). In addition, LNs, like 

lymphatic vessels, have a smooth muscle layer 

that allows them to contract and pump lymphatic 

fluid through the lymphatic system. This 

movement of lymphatic fluid can help to distribute 

drugs throughout the lymphatic system and to LNs 

(Margaris and Black, 2012). However, it can also 

make drug delivery to specific LNs challenging, as 

the movement of lymphatic fluid can rapidly clear 

drugs from the lymphatic system. In drug delivery, 

understanding the role of the lymphatic system in 

disease can also lead to the development of new 

diagnostic and prognostic tools. Modifications in 

lymphatic function or variations in the size and 

structure of LNs can be used to identify and track 

the progression of several diseases, including 

cancer and inflammatory conditions. 

Drug efficacy depends on how much of the 

drug reaches the target site and how long it stays 
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there. Side effects and toxicity can limit the 

amount of drug that can be given. Biomaterials can 

help by prolonging circulation time or improving 

tissue targeting, allowing for specific cells to be 

targeted. Carriers like polymers, lipids, and 

inorganic materials can change how the drug 

behaves in the body. Different materials are being 

studied for delivering drugs to LNs, including 

micelles, dendrimers, nanoparticles, and 

liposomes. These materials improve lymph node 

targeting by increasing drug weight, reducing 

blood vessel permeability, targeting immune cells 

in peripheral tissues, or using a combination of 

these methods. Each material has unique 

advantages for specific applications and targets 

(Schudel et al., 2019). This review focuses on the 

use of materials that target specific cells within 

LNs, which are important targets for 

immunotherapy and targeted drug delivery. It 

looks into how molecules and cells move to and 

within LNs and discusses how bioinspired 

materials can be used in immunology research and 

drug delivery. 

LNs' Important Role in Physiological Processes: 

The lymph node is composed of numerous 

lymphoid lobules, which are the fundamental 

functional and structural components of the node. 

These lobules cover the SCS and are surrounded 

by a protective capsule. The activation and 

differentiation of T cells and B cells into effector 

cells in adaptive immunity are enabled by the 

gathering of antigens, APCs, and immature 

lymphocytes in LNs. This concentration allows for 

effective interaction and processing, resulting in a 

heightened immune response to the specific 

antigen (Jalkanen and Salmi, 2020a). Most 

leukocytes, including activated DCs, effector and 

memory lymphocytes, and monocytes, can move 

into the afferent lymphatic vessels within the 

adjacent tissues. This enables their transportation 

to the closest lymph node, where they can 

contribute to immune reactions (Moran et al., 

2019). Antigens and other soluble molecules 

present in the interstitial fluid can enter the 

afferent lymphatic vessels. These cells and 

molecules are subsequently carried by the lymph 

fluid to the draining LNs through a one-way flow. 

Moreover, the macrophages and DCs that are 

associated with the sinus in the subcapsular 

region of the LNs are arranged within or beneath 

the Lymphatic endothelial cells (LECs) in this area 

(Gerner et al., 2015). The macrophages and DCs 

are situated inside the subcapsular sinus. In the 

cortical and accessory cortical regions of the LNs, 

there is a network of reticular cells and fibroblasts 

that are distributed throughout and are referred 

to as the conduit system (Moran et al., 2019). The 

countercurrent exchange of lymphocytes and 

APCs within lymphoid tissues allows for efficient 

recognition and selection of antigen-specific 

lymphocytes. As lymphocytes and APCs flow 

through the lymphoid tissue, they encounter each 

other and engage in a series of interactions that 

can lead to the activation and proliferation of 

specific lymphocyte clones. The countercurrent 

exchange helps to increase the likelihood of these 

interactions occurring by bringing together a 

larger number of lymphocytes and APCs 

(Roozendaal et al., 2008). LNs that are small in 

size have a minimal number of lobules, sometimes 

just one. The afferent lymphatic vessels connect to 

the LNs on one side and are compartmentalized 

into the cortex, accessory cortex, and medulla, 

which then connect with the efferent lymphatic 

vessels. At the periphery of the lymph node, the 

SCS links directly to the medullary sinus (Willard-

Mack, 2006). The afferent lymphatic vessels have 

sinuses and efferent lymphatic vessels that consist 

of a uniform layer of LECs. However, the 

characteristics of these LECs can differ depending 

on their specific location (Jalkanen and Salmi, 

2020b). Lymphatic drainage has effects beyond 

reducing tissue swelling. It facilitates the 

movement of both external and self-generated 

antigens to the LNs, which helps regulate immune 

responses, including the activity of regulatory T 

cells and immune tolerance (Thomas et al., 2012). 

Additionally, it can locally suppress the body's 

natural defenses against tumors, and play a role in 

the reconstruction of the LNs involved in draining 

fluids from the affected area (Mebius et al., 1991; 
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Lund et al., 2012). The lymphatic system's ability 

to circulate lymph fluid and transport immune 

cells throughout the body is closely linked to its 

function in immunophysiology. Efficient lymphatic 

vessel transport is essential for optimal immune 

response and overall health, and any problems 

with this transport system can have negative 

consequences (Thomas et al., 2016). 

Lymph is formed when fluids, immune cells, 

macromolecules, and molecules are enclosed in 

lipoproteins, vesicles, or exosomes and enter the 

initial lymphatic vessels. The lymph then flows 

through a network of enlarged collecting vessels, 

LNs, and post-nodal vessels before converging on 

the left or right thoracic lymphatic vessels. Finally, 

the lymph is emptied into the venous system. 

Therapeutic drugs can be targeted to the 

lymphatic system via mucosal, intestinal, or 

parenteral routes. Particulate matter transported 

through the mucosal pathway is absorbed by the 

mucosa-associated lymphoid tissue through the 

epithelium. Intestinal or oral fatty drugs are 

incorporated into intestinal lipoprotein collections 

and transported to intestinal lymphatic vessels. 

Finally, macromolecules transported through the 

parenteral or interstitial pathway enter the 

lymphatic capillaries because they are too large to 

enter the capillaries at the injection site for 

drainage (Trevaskis et al., 2008, 2015; Yáñez et al., 

2011). Dysfunction in the lymphatic system can 

contribute to the development and progression of 

various diseases such as lymphedema, immune 

and inflammatory diseases, cancer and tumor 

metastasis, and metabolic diseases. As researchers 

have come to realize the wide-ranging roles of 

lymphatic vessels in disease, it has become 

increasingly important to comprehend the diverse 

functions of the lymphatic system to identify 

potential therapeutic targets for these conditions 

(Proulx et al., 2013; Dieterich et al., 2014). LNs act 

as a vital link between innate immunity and 

acquired immunity. In several diseases, there may 

be variations in lymphatic angiogenesis, lymphatic 

vessel density, expansion, constriction, and 

lymphatic flow. However, the significance of these 

modifications in terms of their function remains 

uncertain (Trevaskis et al., 2015).  

The dissemination of disease through the 

lymphatic system is a prevalent mode of 

transmission for cancer and other illnesses. This 

factor is closely associated with cancer mortality 

rates and represents a critical challenge for cancer 

treatment and management (Kato et al., 2020). 

Cancer cells, bacteria, and viruses can disseminate 

through lymphatic vessels, enter the bloodstream, 

and establish secondary tumors or sites of 

infection (Kato et al., 2019). Typically, the primary 

tumor infiltrates the nearby draining LNs, serving 

as a reservoir for the further spread and 

metastasis of cancerous cells (Tseng et al., 2014). 

Cancer cells that have spread to the LNs can 

infiltrate the blood vessels within the LNs even 

before the neighbouring LNs are affected, thus 

initiating systemic metastasis (Takeda et al., 

2017). This implies that metastatic LNs can serve 

as an origin for systemic metastasis. In various 

types of cancers, such as breast cancer, head and 

neck squamous cell carcinoma, and lung cancer 

the predominant mechanism for tumor cell 

transfer to LNs is through tumor-associated 

lymphatic vessels during metastatic progression 

from the primary tumor (Swartz and Lund, 2012; 

Karaman and Detmar, 2014).  

When a tumor forms and grows, an excess of 

angiogenic signals can cause irregular changes in 

the tissue structure, resulting in the stretching, 

enlargement, and breakage of the tumor's blood 

vessels, which can also trigger the growth of 

lymphatic vessels (Rohner and Thomas, 2016). 

The lymphatic vessels surrounding a tumor are 

more concentrated than in healthy tissue, and they 

can also grow within the tumor, which suggests 

that cancer can promote the formation of new 

lymphatic vessels (lymphangiogenesis). Research 

has demonstrated that breast cancer patients with 

a high density of lymphatic vessels had 

significantly lower rates of disease-free survival 

and overall survival compared to those with low 

vessel density. In the tumor's microenvironment, 

lymphangiogenesis  may  be  triggered  by  various 
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Fig. 1: Lymphatic vessels that carry lymph. Afferent lymphatic vessels carry peripheral tissue fluid 

into the lymph node, and efferent lymphatic vessels carry that fluid out of the lymph node. Lymph 

then drains into the lymph node from the afferent lymphatic vessels. After that, lymph fluid moves 

through the right lymphatic trunk and thoracic duct before entering the venous circulation. The 

lymph flow direction is shown by arrows. 

 

factors, signaling molecules, and enzymes that are 

up-regulated (Abe et al., 2016). Figure 1 

demonstrates the transportation of lymph through 

lymph vessels (Shang et al., 2019). 

As the lymphatic system, including LNs, is 

crucial for our immune defense, researchers are 

becoming more interested in delivering immune 

molecules like antigens and adjuvants to LNs to 

induce a strong immune response. In cancer 

chemotherapy, the primary objective is to deliver 

drugs specifically and selectively to target organs 

or cells. Therefore, the development of a new 

nano-drug delivery system that targets LNs has 

become an area of intense research interest 

(Karaman and Detmar, 2014). As a result, LNs 

have become an appealing therapeutic target for 

addressing different unmet clinical requirements, 

such as removing malignant B- and T-cell tumors, 

treating a reservoir of latent viral-infected cells, 

managing sentinel lymph node metastases, 

enhancing vaccines, and promoting immune 

tolerance (Lorenzo-Redondo et al., 2016). The 

improved effectiveness of treatment approaches, 

such as those used in cancer and transplantation, 

has been demonstrated by targeting specific LNs. 

Theoretically, drug delivery vehicles that target 

LNs can enhance the delivery of drugs to LNs, 

resulting in lower overall doses, reduced off-target 

effects, and less toxicity (Schudel et al., 2020). 

Because LNs are locations where immune cells 

gather and antigen presentation occurs, delivering 

antigens or immune stimulants to activate 

systemic anti-tumor immunity is critical. 

Lymphatic vessels and LNs have become targets 

for therapy because they are not only common 

sites for cancer metastasis but also susceptible to 

pathogens and play a central role in regulating the 

acquired immune response (Thomas et al., 2016). 

This emphasizes the importance of developing a 

dependable method for delivering drugs to the 

cancer cells present in the lymphatic vessels.  

Targeting LNs: 
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The rationale for targeting LNs is particularly 

relevant in vaccination, which aims to generate 

adaptive immunity and immune tolerance. 

Vaccines are typically administered with 

immunosuppressive, immunostimulatory, and/or 

tolerogenic agents that induce signals of tolerance 

in APCs. APCs include a range of phagocytes with 

antigen presentation functions, such as 

professional APCs (dendritic cells, Langerhans 

cells, macrophages, and B cells) and non-classical 

APCs with significant stromal functions within 

LNs. The activation state of APCs and the 

microenvironment are important for regulating 

the immune response. DCs are essential for 

coordinating lymphocyte priming, antigen 

presentation, processing, and uptake.  

Macrophages are also important for tissue repair, 

pathogen clearance, and cytokine and chemokine 

production. Both DCs and macrophages are targets 

for designing immunotherapies to enhance 

immune responses (Schudel et al., 2019). 

Additionally, macrophages serve as reservoirs for 

viruses during infection and can have immune-

modulatory effects in nearby LNs. As a result, 

substances are being created to specifically target, 

modify, or remove macrophages (Ahsan, 2002). 

Targeting lymphocytes directly is a desirable 

therapeutic approach because it allows for the 

regulation of their differentiation, activation, and 

response to the recognition of an antigen. This 

approach is particularly important for eliminating 

lymph node-resident cancers and metastases, such 

as lymphomas. Lymph node drug delivery is 

crucial in treating these types of cancers, as well as 

latent viral reservoirs like HIV that reside within T 

cells in the LNs and are difficult to treat. 

Additionally, immunomodulatory agents that act 

directly on T and B cells can help regulate their 

function and response to antigen recognition, 

making them a valuable strategy for vaccination 

(Ahsan, 2002). Materials engineering can utilize 

the localization of specific cell subtypes within the 

LNs to target their endogenous structural features 

and transport mechanisms. By doing so, it can 

access both the LNs and the sub-compartments 

within them that contain these cells. This 

approach can be highly beneficial in developing 

targeted delivery systems for therapeutics aimed 

at treating diseases localized within the LNs. 

There are also opportunities for materials design 

in targeting pre-metastatic and metastatic LNs, as 

these tissues undergo extensive remodeling that 

alters their structure and may make them more 

accessible to drugs than healthy LNs (Thomas et 

al., 2016). For instance, the presence of blood 

vasculature and abnormal lymphatic (similar to 

the enhanced permeability and retention effect 

seen in primary tumors), altered cell phenotypes 

that are generally more suppressive, and 

abnormal chemokine and cytokine environments 

can be exploited as microenvironment-specific 

features for drug delivery to LNs. This provides 

the potential for developing lymph node-directed 

drug delivery systems that can take advantage of 

these unique features. The structure of a lymph 

node and the path of lymph flow are shown in 

Figure 2. 

Physiological impediments to LNs drug delivery: 

When therapeutic drugs are encapsulated into 

nanoparticles, the behavior of the nanoparticles in 

the body is determined by several factors, 

including their size, surface charge, and 

composition. These factors can affect the way the 

nanoparticles interact with biological systems, 

including the immune system, and ultimately 

determine the effectiveness of the drug delivery. 

The size of the nanoparticle is a crucial factor, as it 

can determine the rate of clearance from the body, 

as well as the ability to cross biological barriers. 

Nanoparticles that are too large may be quickly 

cleared by the immune system, while those that 

are too small may be rapidly eliminated by the 

kidneys. Additionally, larger nanoparticles may 

have difficulty crossing biological barriers, while 

smaller nanoparticles may be more likely to 

accumulate in certain organs or tissues (Xiao et al., 

2011; Arami et al., 2015; Patten and Shetty, 2018). 

It is worth noting that deliberate manipulation of 

the size and charge of nanoparticles can be 

utilized     to     overcome     specific     physiological 
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obstacles and direct the accumulation of 

nanoparticles in particular tissues, such as the 

LNs. Nanoparticle carriers that are intended to be 

delivered to LNs must overcome certain 

physiological barriers, such as (i) being able to 

avoid being cleared from the bloodstream by the 

mononuclear phagocyte system (MPS), (ii) being 

able to exit fenestrated blood vessels, and (iii) 

being able to traverse the extracellular matrix 

(ECM) of the interstitium. Therefore, having a 

thorough comprehension of these barriers, as well 

as the size and charge limitations that they impose 

on nanoparticle design, is crucial for developing 

effective nanocarrier systems that can successfully 

target the LNs (Wang et al., 2017; Yuan et al., 

2019). 

Nanocarriers, after being intravenously 

administered, encounter their initial obstacle, 

which is to withstand the clearance process from 

the bloodstream that is facilitated by 

macrophages, monocytes of the MPS, and 

neutrophils that possess the phagocytic capability 

and have been demonstrated to impact the 

elimination of nanoparticles in vivo. Macrophages 

are present in major organs, while monocytes and 

neutrophils are in the bloodstream, and they 

recognize nanocarriers as foreign due to the 

adsorption of opsonins on the particle surface, 

which are recognized by phagocytes through 

surface receptors (Gustafson et al., 2015). The 

adsorption of serum proteins onto nanocarrier 

surfaces leads to phagocytosis and clearance, 

which has led to research on antifouling polymer 

coatings like PEG and PCB to prevent this process. 

The physical properties of nanoparticles, such as 

size and surface charge, are also important factors 

in in vivo stability and clearance (Fam et al., 2020). 

The impact of nanoparticle size on phagocyte-

mediated clearance has been widely studied, and 

it is possible to adjust the size to improve 

nanoparticle circulation. In general, nanoparticles that are smaller than 100 nm tend to experience 
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less protein adsorption, resulting in longer 

circulation half-lives (Choi et al., 2011). When 

designing nanoparticles, it is important to 

consider surface characteristics such as charge, to 

prevent their clearance from circulation by 

phagocytes. Since serum proteins are 

predominantly negatively charged, nanoparticles 

with a high positive surface charge (+30 mV) tend 

to be removed from circulation faster by 

phagocytes compared to particles that are 

uncharged or negatively charged (Feng et al., 

2018). Metz et al. (2004) found that negatively 

charged iron oxide nanoparticles with a diameter 

of 21 nm were taken up by phagocytic monocytes 

at a higher rate than uncharged iron oxide 

particles of the same size. Surprisingly, they also 

observed that negatively charged particles with a 

diameter of 62 nm were phagocytosed at a rate 

three times higher than uncharged particles with a 

diameter of 150 nm, indicating that surface charge 

may have a greater impact on clearance than 

particle size. These properties determine how well 

nanoparticles resist removal by phagocytes in the 

bloodstream, which is important for lymph node 

targeting strategies as longer-circulating particles 

have a better chance of accumulating in lymphatic 

tissues (Metz et al., 2004).  

To reach the LNs, nanoparticles must not only 

avoid phagocytic clearance but also exit the 

bloodstream by extravasating through the 

endothelium. The endothelium is composed of flat, 

inactive cells connected by tight junction proteins 

and a basement membrane containing various 

proteins. The blood vessels act as a barrier that 

limits the movement of fluids, nanoparticles, and 

other materials between the interstitial and 

intravascular compartments. Before extravasation 

can occur, nanoparticles must move toward the 

blood vessel walls, and studies suggest that 

ellipsoid or rod-shaped particles with higher 

aspect ratios can marginate better than spherical 

particles. Once they reach the vessel wall, 

nanoparticles must exit through fenestrations or 

transcellular transport. This process is crucial for 

effective lymph node targeting (Toy et al., 2011; 

Rodrigues and Granger, 2015). Fenestrations 

present in the endothelium of blood vessels can 

range from 60 nm to 800 nm in the case of tumor 

vasculature, and they are thought to be a primary 

route for nanoparticles smaller than 200 nm to 

extravasate from the bloodstream into the 

interstitium. As a result, reducing the size of 

nanoparticles has been shown to increase their 

extravasation out of the blood vessel endothelium. 

For instance, human umbilical vein endothelial 

cells (HUVECs) were used as an in vitro model of 

the blood vasculature and there was more than a 

10-fold increase in the extravasation of 40 nm 

polystyrene nanoparticles from the blood 

endothelium compared to 70 nm and 130 nm 

particles (Thomas and Weber, 2019; Vu et al., 

2019). After leaving the bloodstream, 

nanoparticles may face a new obstacle in the 

interstitium, which is the ECM, before reaching the 

LNs. The ECM is a complex network of proteins 

produced mainly by fibroblasts, such as collagen, 

glycosaminoglycans, laminins, and fibronectin. 

Collagen fibrils crosslink to create a mesh-like 

structure with pore sizes that can vary from 20 nm 

to 130 nm. Because of the variable pore sizes of 

the ECM, smaller nanoparticles are believed to 

have greater mobility through the ECM (Yohan et 

al., 2016; Engin et al., 2017).  

Lipid-Based Lymphatic Targeting: 

The lymphatic system plays a crucial role in 

transferring fats from the digestive system into 

the bloodstream. Normally, lipids enter 

specialized cells called enterocytes in the 

gastrointestinal tract either through a process 

called receptor-mediated endocytosis or 

micropinocytosis (Chaudhary et al., 2014). 

Chylomicron-packaged fats are released from the 

enterocyte cell's basolateral side into the lamina 

propria within the gastrointestinal epithelium. 

The thoracic duct, which empties into the 

subclavian vein, is where chylomicrons first enter 

the lymphatic vessels before entering the 

bloodstream. There are a number of distinctive 

opportunities for developing drug delivery 

systems provided by this chylomicron processing 
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pathway, as it provides a means of accessing LNs 

to enhance immunotherapies and enables 

systemic delivery of orally administered drugs 

while bypassing hepatic first pass metabolism. To 

optimize the utilization of the chylomicron 

processing pathway for delivering drugs through 

the lymphatic system, it is possible to design 

therapeutics as prodrugs containing a lipid 

component that can be cleaved, thereby triggering 

this natural transport pathway. Numerous studies 

have extensively documented how lipid 

formulations that mimic triglycerides, as well as 

other fatty acids, have the potential to enhance the 

delivery of various drugs to lymphatic vessels and 

LNs connected to the gut, particularly when 

administered orally (Kochappan et al., 2021; Lee 

et al., 2021). The chylomicron pathway has been 

used by some research teams to deliver 

particulate cargo to the intestinal lymphatics. Mao 

and colleagues, for example, developed 

mesoporous silica nanoparticles measuring 

between 100 and 120 nm in size, which were 

coated with diglycerides in order to trigger the 

chylomicron processing pathway. They provided 

evidence that lipases present in the 

gastrointestinal lumen hydrolyzed the fats coating 

the surface of the nanoparticles, leading to their 

uptake and subsequent processing into 

chylomicrons. This facilitated their transportation 

into the lymphatic vessels (Mao et al., 2019). et al. 

(2021b) conducted a study to investigate the 

impact of adding a prodrug to their nanoparticle 

formulation on the delivery to lymphatic vessels. 

They used Orlistat as a lipophilic drug and 

formulated emulsions with different types of fatty 

acids. The highest concentration of Orlistat in 

lymphatic vessels was achieved when coated with 

long-chain fatty acids, surpassing the 

concentrations achieved with short-chain fatty 

acids and triglycerides. After oral administration, 

the drug's lymph concentration peaked 2-3 h later. 

Furthermore, fatty acid concentrations on the 

emulsion's surface increased the transport of 

nanoparticles through intestinal epithelial barriers 

and facilitated their entry into lymphatic vessels 

(Lee et al., 2021).  Kochappan et al. (2021) 

recently developed a formulation where 

mycophenolic acid (MPA) was attached to 

triglycerides. Their aim was to utilize the 

chylomicron processing pathway to enhance the 

delivery of the immunomodulatory drug to LNs 

and lymphatic vessels. When compared to MPA 

given alone or in combination with other agents, 

the MPA-fatty acid conjugate showed improved 

drug concentration in the lymph after 

intraduodenal administration. Notably, the MPA-

fatty acid conjugate exhibited a 20-fold higher 

concentration of MPA within the LNs compared to 

MPA delivered independently (Kochappan et al., 

2021). 

Therapeutic Targets for LECs: 

The lymphatic endothelium, by communicating 

with immune cells, also plays a significant role in 

immunity in addition to its functions in 

transportation and fluid regulation. LECs are 

distributed throughout the body and produce 

important chemokines and adhesion molecules 

that contribute to the immune-modulating 

functions of lymphatic vessels. 

LECs-Mediated Immunity: 

Lymphatic vessels serve as a pathway for immune 

cells, allowing them to enter peripheral lymphatic 

vessels within tissues and migrate to nearby LNs. 

Dendritic cells, neutrophils, monocytes, B cells, 

and T cells, among others, rely on lymphatic 

vessels for their migration. This migration is often 

facilitated by the CCL21-CCR7 axis, a chemokine 

receptor interaction that helps guide immune cell 

movement (Kriehuber et al., 2001). CCR7 plays a 

vital role in immune cell migration to LNs and is 

also involved in guiding DCs to various tissues 

such as the lamina propria, lungs, and skin. It has 

been observed that CCR7 regulates the association 

of DCs with collecting lymphatic vessels, leading to 

increased vessel permeability (Hampton and 

Chtanova, 2019). DCs show a preference for 

entering lymphatic vessels at locations with a high 

concentration gradient of CCL21, indicating that 

CCL21 plays a direct role in regulating entry into 
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lymphatics. It has been shown by intravital 

microscopy that CCL21 gradients promote 

dendritic cell migration inside lymphatic vessels. 

Moreover, CCL21 secreted by LECs also plays a 

role in guiding naïve T cells from distant 

peripheral tissues to LNs (Farnsworth et al., 

2019). In addition, LEC (lymphatic endothelial 

cell) interaction with DCs goes beyond their role in 

regulating dendritic cell migration via the CCL21-

CCR7 axis. It has been discovered that LECs can 

directly influence dendritic cell maturation. 

Studies have shown that LECs can inhibit dendritic 

cell maturation through interactions involving 

ICAM-1/Mac-1, as well as through the synthesis of 

anti-inflammatory prostacyclin and the secretion 

of TGF-β. These interactions and secretions by 
LECs contribute to the modulation of dendritic cell 

function and maturation (Garnier et al., 2019). LEC 

modulation of immune responses includes a 

fascinating mechanism wherein they transfer 

antigens to professional antigen-presenting cells, 

as well as to CD4+ and CD8+ cells. This process 

allows LECs to actively participate in antigen 

presentation and the activation of specific immune 

cell populations. Tamburini et al. (2014) 

conducted a study showing that LEC proliferation 

combined with antigen capture resulted in 

prolonged antigen expression within LECs. This 

led to increased production of IL-2 and IFNγ, 
ultimately improving infection protection. 

According to the study, CD8+ and CD4+ T cell 

responses were dysfunctionally activated when 

delivering MHCI and MHCII-restricted antigens, 

but the specific role of LEC antigen presentation in 

this context remains unclear (Tamburini et al., 

2014).  

Immunomodulation by Specifically Targeting 

Lymphatic Vessels: 

Lymphatic vessels have gained attention as a 

promising therapeutic target due to their 

significant role in immunomodulation. One 

approach to potentially target lymphatic vessels is 

by focusing on specific receptors expressed on 

these vessels, such as VEGFR-3 or Lyve-1. VEGFR-

3, belonging to the vascular endothelial growth 

factor receptor family, is particularly known for its 

involvement in promoting lymphangiogenesis 

(Witmer et al., 2001). Lyve-1, also known as 

lymphatic vessel endothelial hyaluronan receptor 

1, is a widely used integral membrane protein that 

serves as a marker for identifying LECs. However, 

it is worth noting that Lyve-1 can also be present 

in other tissues such including specific subsets of 

macrophages, embryonic vessels, and liver blood 

sinusoids (Brezovakova and Jadhav, 2020). Guo et 

al. (2013) conducted an in vitro study where they 

specifically targeted LECs by utilizing Lyve-1 as a 

targeting mechanism. They employed Lyve-1-

binding PEG (polyethylene glycol) to ultrasmall 

superparamagnetic iron oxide nanoparticles, 

aiming to develop a potential contrast agent for 

magnetic resonance imaging (MRI) (Guo et al., 

2013). Dashkevich et al. (2016) utilized the 

targeting of VEGFR-3 to effectively prevent cardiac 

allograft rejection. Their study revealed that 

inhibiting VEGFR-3 resulted in a decrease in the 

production of CCL21, a chemokine that plays a 

crucial role in immune cell migration (Dashkevich 

et al., 2016). They discovered that the decrease in 

CCL21 production did not have an impact on 

lymphangiogenesis within the graft, but it did lead 

to lower levels of CD8+ T cells present in the graft. 

In a different experiment, they showed that 

administration of a neutralising monoclonal 

antibody targeting VEGFR-3 resulted in reduced 

arteriosclerosis, decreased expression of VEGFR-3 

and CCL21 in activated lymphatic vessels, and a 

decrease in CD4+ T cells infiltrating chronically 

rejecting mouse cardiac allografts. By hindering 

the interaction between VEGF-C produced by 

tumours and the lymphatic vessel VEGFR-3, this 

approach holds potential as a means of 

suppressing tumor growth and metastasis by 

inhibiting tumor lymphangiogenesis (Su et al., 

2007). Research in the field of cancer has shown 

that administering VEGF-C, the ligand that 

activates VEGFR-3, can enhance the efficacy of 

immunotherapy treatments in cases of melanoma 

(Yeh et al., 2017). Fankhauser et al. (2017) 

conducted a study where they provided evidence 

that VEGF-C, despite its role in promoting 

angiogenesis and metastasis, also enhances the 
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effectiveness of immunotherapy by attracting 

naïve T cells. The research group also showed that 

patients who positively responded to 

immunotherapy exhibited the expression of 

lymphatic-related markers within their tumors. 

This correlation suggests that lymphatic vessels 

play a role in augmenting the effectiveness of 

tumor immunotherapies (Fankhauser et al., 2017).  

Targeting LNs using in vivo application of 

nanoparticles: 

The limitations of the mononuclear phagocyte 

system, blood vessel endothelium, and ECM of the 

interstitium dictate that smaller, uncharged 

nanoparticles may have better efficacy in targeting 

the LNs after being administered intravenously. 

This has resulted in the use of nanoparticle 

delivery to the LNs in various clinical and 

preclinical settings, including for the treatment 

and imaging of lymph node cancer metastases, as 

well as for vaccine delivery (Chida et al., 2018). 

Typically, intravenous administration of 

nanoparticle formulations results in their 

accumulation in the liver and spleen, with lymph 

node concentrations of less than 0.1% of the 

injected dose. However, modifying the physical 

properties of nanoparticles, such as their size and 

charge, has been demonstrated to increase their 

accumulation in the LNs (Elgrabli et al., 2015). 

Dextran-coated ultrasmall superparamagnetic 

iron oxide (USPIO) nanoparticles with 

hydrodynamic diameters of approximately 40 nm 
have been clinically tested for identifying lymph 

node metastases in prostate cancer using MRI. 

Preclinical studies have reported up to 12% ID in 

the LNs after intravenous administration in rats. 

These nanoparticles function as contrast agents 

and are retained by macrophages in the LNs. In a 

clinical study with 80 patients and 334 LNs, 

USPIO-aided MRI improved the sensitivity of 

lymph node metastases detection from 35.4% to 

90.5% compared to MRI alone (Harisinghani et al., 

2003).  

Nanoparticles that are specifically designed to 

target  the  LNs  have  been  studied  not  only  for 

imaging cancer, but also for treating it. Cabral et al. 

(2015) conducted research on uncharged 

polymeric micelles that were administered 

intravenously to mice bearing B16F10 tumors, 

and studied their ability to accumulate in 

metastatic LNs and deliver a platinum-based drug 

(Cabral et al., 2015). In a study conducted by 

Cabral et al.(2015)  mice were treated with free oxaliplatin or oxaliplatin loaded into 30 nm 
polymeric micelles. Mice treated with the drug-

loaded micelles had significantly smaller tumors 

and lymph node metastases compared to 

untreated mice or mice treated with free 

oxaliplatin. The accumulation of the micelles in 

lymph node metastases was found to be size-dependent, with 30 nm micelles having 
approximately 4 times better accumulation than 70 nm micelles. In another study by the same group, 55 nm micelles were investigated for their 
ability to deliver the chemotherapy drug 

epirubicin to metastatic LNs in a murine breast 

cancer model expressing luciferase (Chida et al., 

2018). To minimize the risk of off-target toxicity 

due to drug release in healthy LNs, the research 

team used pH-sensitive hydrazine linkers to load 

epirubicin into the micelles. This allowed for 

increased drug release in the acidic environment 

of the primary tumor and lymph node metastases. 

The micelle-treated mice had 10-fold higher 

epirubicin concentration in metastatic LNs 8 h 

after intravenous injection compared to mice 

treated with free epirubicin. This resulted in a 

significant reduction in the size of lymph node 

metastases. Furthermore, the drug concentration 

in metastatic LNs was almost 3-fold higher than 

the drug concentration in healthy nodes 48 h after 

injection. Solid cancers tend to spread through the 

lymphatics, and thus, nanoparticles targeting LNs 

have been investigated to inhibit the formation of 

lymph node metastases. Liu et al. (2019) used 5 

nm dendrimer-loaded cisplatin prodrug to 

assemble nanoparticle clusters of 100 nm size and 

tested their efficacy in inhibiting lymph node 

metastases. These nanoparticles were injected 

intravenously and found to enter the lymphatics, 

as confirmed by colocalization with FITC-labeled 

lymphatic vessels. Furthermore, the use of these 
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nanoparticles inhibited lymph node metastases in 

a metastatic 4T1 breast cancer model and 

improved the median survival of mice from 45 to 

56 days, which validates the effectiveness of 

lymph node-targeted nanoparticles for cancer  

therapy. 

Nanoparticles have been investigated for their 

potential to deliver vaccines to the LNs for cancer 

immunization. Baharom et al. (2021) studied the 

use of 20-50 nm micelles loaded with MC38 tumor 
peptide neoantigens for anti-tumor vaccination of 

mice (Baharom et al., 2021). The study found that 

mice challenged with MC38 colon cancer cells 

after vaccination had significantly reduced tumor 

growth compared to unvaccinated mice. 

Interestingly, the study also found that 

intravenous vaccination was effective in 

controlling tumor growth in mice with established 

MC38 tumors, while subcutaneous vaccination 

was ineffective. These findings indicate the 

success of small, uncharged nanoparticles for 

lymph node targeting, which aligns with the ideal 

nanoparticle physical properties. The increasing 

number of studies on lymph node drug delivery 

for cancer therapy demonstrates the growing 

understanding of the role of the lymphatic system 

in cancer metastasis and recurrence. 

Hitchhiking techniques for LNs drug delivery: 

Albumin-facilitated transportation of drugs to the 

LNs: 

A different approach to delivering drugs to the 

LNs is to create a delivery system that can attach 

to molecules or immune cells that naturally travel 

to the LNs. Albumin is a protein found in blood, 

interstitial fluid, and lymph, and it is the most 

abundant protein in these fluids. The liver 

produces albumin, which has a globular shape and 

dimensions of 4x15 nanometers, and an average 

lifespan of 19 days (Merlot et al., 2014). Albumin 

helps maintain the osmotic pressure of blood and 

carries other biomolecules such as hormones, fatty 

acids, and steroids. Approximately 5% of the 

albumin in circulation exits the blood vessels into 

the interstitial space every hour, and nearly all this 

albumin is taken up by the lymphatic vessels 

before re-entering circulation (Abdallah et al., 

2020). Albumin’s stability and frequent trafficking 

to the lymphatics make it an attractive candidate 

for subcutaneous delivery systems. These systems 

utilize albumin-hitchhiking for the delivery of 

imaging molecules, such as Evans Blue, and 

vaccines to draining LNs. Additionally, albumin 

has been studied as a nanocarrier for anticancer 

therapies, as it can passively accumulate in 

primary tumors through leaky tumor vasculature 

and actively transport into tumor cells via the Cav-

1 protein (Yao et al., 2018).  

In preclinical and clinical studies, albumin 

hitchhiking has been used to create intravenous 

delivery systems that specifically target the LNs. 

For instance, researchers like Yu et al. (2017) have 

successfully created combination nanoparticles by 

loading nanospheres composed of crosslinked 

albumin with gemcitabine (a chemotherapy drug) 

and pheophorbide-a (a photodynamic therapy 

agent) to evaluate its efficacy in treating lymph 

node metastases in a murine BxPC-3 pancreatic 

cancer model. After 24 h of intravenous 

administration, the combination nanoparticle 

showed higher accumulation in metastatic LNs 

than free pheophorbide-a. Furthermore, in vivo 

efficacy studies indicated that the mice treated 

with the nanoparticle had reduced volume and 

weight of metastatic LNs. These results suggest 

that albumin hitchhiking may be a promising 

strategy for targeted drug delivery to LNs and 

treating metastatic cancer, but further research is 

necessary to fully explore its clinical potential. 

Abraxane, which is a type of medication for 

fighting cancer, contains paclitaxel that is bound to 

albumin in a nano-sized formulation. It has been 

granted approval by the FDA to be used in the 

treatment of metastatic breast cancer, non-small 

cell lung cancer, and pancreatic adenocarcinoma 

(Kundranda and Niu, 2015). Due to its ability to 

target the lymphatic system, Abraxane has been 

recently investigated for its potential use in 

cancers that are located in the LNs, such as non-

Hodgkin lymphoma. Two cases have been 
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reported where patients with diffuse large B-cell 

lymphoma showed only partial responses to 

multiple rounds of chemotherapy, but were later 

treated with combination therapies that included 

nab-paclitaxel. The first patient received weekly 

doses of nab-paclitaxel for six months after being 

treated with the chemotherapy drug azacitidine, 

and PET-CT scans revealed complete remission of 

the disease after three months of treatment 

(Bowen et al., 2017). Follow-up scans conducted 

five years after the treatment showed no signs of 

the disease returning. The second patient was 

given a combination of nab-paclitaxel and 

liposomal doxorubicin as a fourth-line 

chemotherapy, and achieved complete remission 

of the disease after four treatment cycles. PET-CT 

scans conducted seven years after the treatment 

showed no signs of disease recurrence (Wang and 

Xia, 2013). Out of the 13 patients involved in the 

study, 5 experienced a complete response to the 

treatment, 6 had a partial response, while 2 

patients showed stable or progressive disease. 

Although previous clinical studies had reported 

successful therapeutic outcomes in patients who 

had not responded to other chemotherapy 

treatments, these studies were limited by their 

small sample sizes. Therefore, further 

investigation is required to determine the 

effectiveness of using nab-paclitaxel alone as a 

treatment for diffuse large B cell lymphoma. 

Drug delivery to the LNs by immune cells: 

One alternative method for delivering medications 

to the LNs involves attaching nanoparticles to 

immune cells that frequently travel to the LNs, 

such as T cells, monocytes, and dendritic cells. 

These immune cells can enter the LNs through 

both the lymphatic vessels and blood vessels. 

Naive T cells continuously move between the 

blood circulation and lymphatic system in search 

of antigens. When activated, T cells produce 

chemokine receptors such as CCR5, CCR7, and 

CCR8, which enable them to migrate to the LNs 

through the lymphatic and blood vessels within 

the LNs (Martens et al., 2020). Huang et al. (2015) 

utilized T cells' ability to home in on LNs by 

linking cultured T cells that produce luciferase to 

tiny lipid nanocapsules (NCs) containing SN-38, an 

anticancer drug. After injecting these T cells with 

NCs into a mouse model with lymphoma, they 

observed that the T cells conjugated with the NCs 

accumulated in the LNs within 20 h, reaching their 

peak levels at 60 h post-injection, and remained 

there until the end of the study (80 h). This 

demonstrated that the conjugation of T cells to 

NCs did not affect the trafficking of T cells. Tumor-

bearing LNs were evaluated to determine drug 

concentrations, and it was found that T cell-

mediated NC delivery resulted in an increase in 

drug concentration that was over 60 times greater 

than the concentration achieved by injecting 

unbound NCs. This increased drug concentration 

led to a significant reduction in tumor burden, 

approximately 10 times more than the unbound 

NC treatment. 

Furthermore, achieving T cell hitchhiking 

within the body is possible. As an illustration, 

Schmid et al. (2017) investigated the capability of 

T cell-targeted nanoparticles made of PEG-PLGA, 

which were administered intravenously, to 

accumulate within the LNs that drain the tumor in 

a mouse model of colorectal cancer. These 

nanoparticles were used to deliver SD-208, an 

immunomodulatory drug that works by 

obstructing the TGF-BR1 kinase in cancer cells, 

which is known to trigger immunosuppression 

(Uhl et al., 2004; Schmid et al., 2017). Similar to T 

cells, DCs are immune cells that travel to the LNs 

and play a crucial role in mediating adaptive 

immunity. Being the primary APCs of the immune 

system, DCs are distributed throughout the body 

and are usually found in higher concentrations in 

tissues that are exposed to the external 

environment, such as the skin, intestinal lining, 

and nasal passages. Although DCs are known to 

migrate to the LNs to some extent during steady-

state conditions, most of the DCs migration occurs 

after antigen exposure, during which DCs start to 

express surface receptors like CCR7. These 

receptors are used to track chemokines such as 

CCL19 and CCL21 to the lymphatics, where DCs 
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start to initiate adaptive immune responses 

through antigen presentation to naïve T cells and 

B cells (Alvarez et al., 2008; Jia et al., 2018). 

Apart from T cells and DCs, monocytes are a 

type of immune cells that swiftly gather in the LNs 

via blood vessels during and shortly after 

inflammation. They serve various purposes such 

as transporting and presenting antigens and 

transforming into DCs. However, it has been noted 

that they can also be found in stable conditions 

(Jakubzick et al., 2013; Teh et al., 2019). The 

arrival of monocytes during periods of 

inflammation has been documented as being 

caused by the build-up of chemokines, specifically 

monocyte chemoattractant protein-1 (MCP-1), in 

the LNs. These chemokines enter the LNs through 

the afferent lymphatic vessels (Palframan et al., 

2001). The heightened movement of monocytes to 

the LNs in inflammatory conditions like cancer 

offers a valuable strategy for delivering drugs 

specifically to the LNs through monocyte 

targeting. An investigation in this field involved 

the creation of micelles that were customized with 

peptides obtained from the CCR2-binding motif 

present in the MCP-1 chemokine. These micelles 

were administered intravenously to mice with 

B16F10 tumors. It was observed that the micelles 

containing the CCR2-binding motif accumulated in 

the LNs at a rate twice as fast as non-targeted 

micelles, three hours after injection. However, 

additional research is needed to fully understand 

the underlying mechanisms responsible for this 

phenomenon (Trac et al., 2021). The creation of 

nanoparticle systems that have a strong affinity 

for immune cells traveling through the lymphatics 

provides a new and innovative approach for 

delivering drugs to the LNs. 

Conclusion 

The physiological characteristics and cellular 

mechanisms involved in the functioning of LNs 

provide valuable insights for the development of 

targeted materials that can effectively interact 

with specific cell types within the LNs. A crucial 

aspect of this process is the utilization of afferent 

lymphatics, which serve as entry points for 

nanomaterials to transport cargo to cells present 

in the LNs. These cells include dendritic cells, 

macrophages, and B cells, which play essential 

roles in immune response and antigen 

presentation within the LNs. By understanding 

and harnessing these transport mechanisms, it 

becomes possible to design materials that can 

precisely target and interact with specific cell 

populations in the LNs. Nanoparticles offer 

numerous benefits for drug delivery to LNs. Their 

larger size compared to typical biomolecules 

allows for easy migration into lymphatic vessels. 

Furthermore, nanoparticles can be modified on 

their surfaces to specifically target LNs. However, 

when introduced in this manner, nanoparticles 

may encounter interactions with phagocytic cells 

in the sinus, and their entry into the T cell zone 

may be challenging due to limitations imposed by 

their size. 

In this review, we began by introducing the 

fundamental structure and function of LNs. 

However, our main emphasis was on the emerging 

field of LN-targeted nano-drug-delivery systems. 

The progress and translation of targeted delivery 

systems for LNs depend on the development of 

basic research in related areas, including a 

comprehensive understanding of the diverse cell 

types present in LNs and the intricate cell-to-cell 

communication that occurs between LNs and 

remote tissues. It is important to note that the 

lymph node holds significant potential as a 

compelling target for immune therapy and vaccine 

development in future clinical trials. As such, 

further research in this area is warranted to 

explore its full potential. 

LNs play a crucial role in immune response 

initiation as they facilitate the interaction between 

peripheral immune signals and circulating 

lymphocytes. Therefore, LNs' physiological and 

structural features, including their transport 

mechanisms, should guide the development of 

drug delivery systems. A comprehensive 

understanding of the various cell types, cell-cell 

interactions, and drug mechanisms of action 

within the lymph node can provide opportunities 
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to target specific regions and cells in the lymph 

node. 
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